Abstract-A simple traffic surveillance system based on the extraction of features from range-Doppler radar images is addressed. The concept exploits the High-Resolution Radars (HRR) properties. Specifically, a procedure is proposed to obtain some features from the HRR non-cooperative targets to enable their classification. These features are the distance, radial velocity, radial longitudinal dimension of the target, its integrated range-Doppler image based on a group of range-Doppler frames from each target, and both the coherent and non-coherent integrated range profiles. Experimental results from real scenarios using a high-resolution Linear-Frequency-Modulated Continuous-Wave (LFMCW) millimetre-wave radar are shown.
INTRODUCTION
Many years ago, the requirements to be met by a sensor in order to carry out tasks of detection, classification and identification were defined. Perhaps, one of the most remarkable criteria is found in [1] and described in [2] , where the minimum number of lines needed for these tasks were specified. Unfortunately, these definitions are not applicable today to the current High-Resolution Radars (HRR) [3] .
The output data for a HRR may be a one-, two-or threedimensional array, depending on the HRR sensor. This feature makes it possible to extrapolate all the techniques available in the field of Digital Image Processing (DIP) [4] and to apply them to the images captured by the HRR sensors. Even colour techniques developed in DIP are applicable to HRR data, for obtaining, as an example, multiple images of the same scene, by using different frequency bands, or for making use of several frames from the acquired radar targets. The present paper concentrates on the latter, by using a sequence of range-Doppler radar images from each target.
Non-coherent radars are only able to obtain range profiles (onedimensional arrays), whereas coherent radar may obtain range-Doppler images (two-dimensional images). 3-D coherent radar (perhaps with steering capability in elevation) could obtain three-dimensional images.
With the current characteristics of HRR sensors, it is not possible to carry out the univocal identification of most objects, especially the smaller ones, because there is not enough resolution. For example, it is possible to distinguish a car from a bus or from a motorcycle, but it is very difficult to distinguish several cars of different models.
In a scenario characterized by a limited number of targets of sufficient size (several tens of pixels in each range profile) and/or targets having very different size, it may be possible to identify each target present in the scene. In fact, we have made some experiments with HRR sensors that allow us to ensure that, for example, in a battle with ships of war, these HRR sensors can quickly identify any warfare ship platform, by the method of estimating their lengths and the intensity of received back-scattered signal.
In any case, the data provided by HRR sensors could be used to complement other sensors (visible cameras, infrared vision cameras, etc.). Of course, databases containing signatures from different types of clutter and targets may also help in this task. Nevertheless, the ultimate identification of a particular car requires reading the vehicle registration plate with an electro-optical sensor, but it is possible to think of a system in which the camera is pointing to that target (among many others) after a pre-classification process based on HRR sensors.
Almost all the developed algorithms for identification purposes in radar images have been developed for specific systems and well defined applications, without a valid general theory to perform the identification in any general framework, and obviously it is not feasible to develop a unique algorithm to carry out the identification tasks of all kinds of targets under any clutter conditions and at any operational environment application. Some examples of algorithms developed for specific sensors operating in specific applications have mainly been developed for SAR (Synthetic Aperture Radar) [5] [6] [7] , and ISAR (Inverse SAR) [8, 9] . In other examples, reference [10] proposes a method for identifying boundaries of water basins, and polygonal patterns in noisy SAR images. A method of identification for a specific sensor system, with the aim of identifying land movements in a particular geographical environment, is provided in [11] . In [12] , the issue of target classification to a level close to the identification is addressed. In [13] , the basis for the automatic interpretation of images from sensors in general is approached, proposing a systematic approach to the interpretation of the scene present in the sensed image by the sensors. The results are applied to restoration of high-resolution SAR images.
This paper presents a simple computationally-efficient strategy for feature extraction of non-cooperative targets detected by HRR sensors. The purpose is to classify targets on various types of traffic scenarios: road, marine, and air traffic. Some examples of specific techniques developed in this field could be found in [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The proposed technique is based on the extraction of several descriptors, for each target, from sequences of range-Doppler images [24] , such as the radial length, the dynamics, two range-Doppler integrated image (coherent and non-coherent), and the range profiles integrated in Doppler (coherent and non-coherent). The application of the proposed technique is well suited for non-cooperative targets. However, note that target aspect angles are assumed to be known. In this way, the measured lengths and Doppler may be easily corrected to obtain real target dimensions and speeds.
Experimental results from real scenarios using a high-resolution Linear-Frequency-Modulated Continuous-Wave (LFMCW) millimetrewave radar prove the viability of the proposed traffic surveillance system [25, 26] .
TARGET CLASSIFICATION BASED ON HIGH-RESOLUTION RANGE-DOPPLER RADAR IMAGES
The inherent difficulty of the classification techniques, together with the fact that they also require a better Signal-to-Noise Ratio (SNR) than detection and localization stages, suggest the desire to integrate the information contained in a set of range-Doppler images, instead of using just one. The high-resolution radars have such ability.
The monitoring system proposed here is based on performing a classification of non-cooperative targets based on range-Doppler images obtained with a high-resolution radar operating in tracking mode.
When the sensor provides coherent data (this means, with phase information), as in the case of the real HRR sensor in millimetre-band, and working in tracking mode, it is immediate to compute the rangeDoppler image. The range dimension provides the information of the hot spots (also called peak plots) of the target in range [27] , whereas the Doppler dimension provides information about the movement of these hot spots. Also, it is important to note that the range resolution is limited, and that Doppler spreading caused by the migration through resolution cells usually arises [28] .
The two radar image dimensions are range (slant-range: radar signal over the Line-Of-Sight (LOS)) and Doppler (simply related to cross-range). High range resolution is achieved by transmitting a large bandwidth signal, and high Doppler resolution depends on a large aspect angle variation of the target during the illumination time (or dwell time) [26] . The range resolution is given by
where c is the light speed and ∆f the transmitted bandwidth. The Doppler resolution is given by
where t ilum , illumination time, is the time during a scatter stays within the same range resolution cell. Then
where v r is the radial velocity of the target. Thus, the Doppler resolution is inversely proportional to the time in which the scatter remains in a range resolution cell. If there is slant range migration, then the time decreases and the Doppler resolution is degraded. Experiments show that it is possible to make the assumption that each scatterer from the target has a similar movement, which explains why, considering the dynamics of the maximum value or the centroid of the target, you can infer its dynamics. However, if the target has a rotational movement in a proper plane, we can estimate the position of the scatters (if the rotational velocity of the target is known or can be computed) by means of the different Doppler frequency produced by each of them.
The obtained range-Doppler radar image is an Inverse Synthetic Aperture Radar image, a projected image depending on both target dynamics and its relative orientation with regards to the radar.
The ISAR projection plane is a plane formed by the LOS vector and the vector normal to the effective rotation vector of the target (which is the projection of the rotation vector over the plane perpendicular to the LOS), and contained in the plane perpendicular to LOS [29] .
In a simple way, it is possible to divide the target motion into two components: a translational and a rotational component. The former is the component along the LOS of the translational motion of the target and it is an undesired component, since it does not generate Doppler gradient among scatterers of the target placed in the same range cell. However, the latter may generate the desired Doppler gradient among scatterers located in the same range cell. This fact allows distinguishing between several scatters placed within the same resolution cell. Figure 1 shows the block diagram of the proposed technique. After deciding the beginning of the capture and processing of the radar signal, the sequence of range-Doppler images is obtained. Each complete radar capture, the slow-time vs. fast-time matrix is formed, which is divided into smaller areas. Specifically, by dividing this data matrix in slow-time dimension, a sequence of range-Doppler images is obtained. Each range-Doppler image is transferred to the detection process (e.g., CFAR for high-resolution radars, or another one). Then, the target dynamics' is computed. From the sequence of range-Doppler images, the dynamics of each target may be obtained (computing the position, x, velocity, v, and acceleration, a). In fact, the measured velocity is the radial velocity, v r , of the target, but is straightforward to compute the real velocity making use of the relative aspect angles in azimuth and elevation.
PROPOSED TRAFFIC-SURVEILLANCE SYSTEM
Subsequently, for each target, a centred and aligned integration of the entire sequence of range-Doppler images is performed. To do so, a superposition of the entire sequence of images is made, previously extracting the centroids of the target in each image, and aligning the target in all the Images by the centroid and the aspect angle (angle between the line-of-sight, LOS, and the line that defines the maximum dimension of target). The resulting image is called the range-Doppler integrated image.
The integration of range-Doppler images is performed in two ways: coherent (considering modulus and phase of the signal), and non-coherent (only considering the signal amplitude). The former is called I-Q range-Doppler integrated image, and the latter is called the non-coherent range-Doppler integrated image. From these obtained integrated images, in turn, two range profiles integrated in Doppler were computed (resulting from the sum of all values of the Doppler bins, for each of the range bins): coherent and non-coherent, for each one of the two kinds of integrated range-Doppler images, also called the I-Q integrated range profile, and the non-coherent integrated range profile, respectively.
From the integrated range profile, the transverse length of the target (the main length), L T , can be estimated. All these data are stored and processed in the thresholds extraction block for classification purposes. For example, in a road traffic surveillance application, the classification thresholds "x-type car" may be: maximum and minimum distance (within the range in which the road exists), maximum and minimum speed (if into the section under surveillance it is feasible to define the range of the allowed speed limits), maximum and minimum target length (this may be the most reliable parameter), and finally, the pattern of the association algorithm from the integrated range profiles, and the integrated range-Doppler images. The next steps describe the algorithm of the proposed simple traffic surveillance system based on range-Doppler radar images: This system also could be considered as open traffic-surveillance architecture. In other words, the presented block diagram, Figure 1 , allows to build-in other kinds of specific techniques of classification [30] , recognition [31] [32] [33] [34] [35] , identification techniques [36, 37] , and could be complemented with other tracking algorithms as [38] [39] [40] [41] . In the same way, the architecture could be successfully applied to different scenarios. As an example, for target localization with unknown wall parameters for through-the-wall radar imaging applications, it is strongly recommended to implement the novel approach to correct the shift in target position due to the ambiguities of the wall parameters presented in [42] . Other example could be the classification of dielectric scatters to distinguish between malignant and benign tumours within breast cancer applications, as suggested in [43, 44] . In this case, our scheme should be complemented with one of the different combinations of tumour classifiers, analysed in this reference.
Target Modelling
From a simple model of target, the maximum achievable precisions and the influence on them due to the parameters selection of the HRR sensor were obtained. For these issues, we have chosen to synthesize a target consisting of two point scatterers separated by a known distance. The mathematical details of the simulation can be found in [3] . Highlights of the used target modelling are described below.
Based on the integrated range profiles, a measure of the target lengths was performed, in order to extract another identifying characteristic from these ones. This measure, together with the rest of extracted parameters, allows the development of classification stages of targets for traffic surveillance purposes. Of course, these kinds of profiles can be used in many other classification techniques.
As for the method to determine the length of the target, in the parametric studies, carried out on the target modelled as two point scatterers, we have made the choice to measure the distance between the two highest level scatterers in the integrated range profile, due to the composition of that target. Then, this measure of the distance is the length of the target modelled as two point scatters. The goal of this method of length measurement is to simply perform parametric studies in an efficient way. Note that the coherent integration of the image, of course, allows a better resolution of the target's hot spots to correct the range migration, eliminating the Doppler spreading effect. However, as shown in subsequent analysis, a greater precision in determining the target's dynamics is required, and it is much more sensitive to target scintillation due to the coherent summation of the scatterers from the target in the same range bin, an effect that does not occur with targets composed of point scatterers located in different resolution cells. Table 1 shows the results of measurement of length, L, vs. SNR, performed on the integrated range profiles (both I-Q and non-coherent) with the synthetic two-point scatterers target. The range of values chosen for the SNR was determined from a minimum value from which it might carry out measurements of length (the measure of the length was not possible with lower values of SNR), to a maximum from which length measurement is stabilized.
It is clear that the best results for low SNR values are obtained for non-coherent integrated range profiles and range-Doppler images, whereas both procedures with high SNR can achieve similar results. In any case, since modelling is ideal, the results of Table 1 must be interpreted with caution and not always be extrapolated to real Table 1 . Measurement of the target length vs. SNR, parametric study performed on the integrated range profiles (both, I-Q and noncoherent) with the two-point scatterers synthetic target. Target radial velocity 10 m/s. Table 2 shows the results of the study on the measurement of the target length, L, vs. radial velocity for the two-point scatterers target. The first simulated value of the radial velocity was 0, meaning the target is not moving, and the final value was 340 m/s (speed close to Mach 1 at Standard Sea Level conditions), in this way most of the situations of traffic surveillance scenarios were covered.
The target movement means that during the time interval in which data are collected to form each one of the range-Doppler images of the sequence, the detected target may suffer the effects of range migration and Doppler spreading, quoted above. Furthermore, if the speed of the target is very high, there may be ambiguity in determining the target velocity with the radar system, and it can cause shifts in the range-Doppler image of the target (re-appearing the target in the radar image into the lower Doppler frequency area) As in the simulated case of the highest speed target. This latter effect is easily corrected.
It is straightforward to check that as the radial velocity of the target is increased, the range-Doppler radar image of the target and also the Doppler spreading effect are increased (see Figure 3) , as a result of the range migration effect, within the non-coherent integrated range profiles. Conversely, the I-Q integrated range profiles are not affected by this effect, because the range migration is appropriately compensated. This fact implies that it is better to work with coherent range profiles and images when the speed of the target is increased.
On the other hand, for low values of SNR the coherent integration does not provide good results. Therefore, to solve this problem, the capture parameters and the processing of the targets should be modified. This would not be desirable in scenarios with moving targets at very different speeds, such as the case of war scenarios with tanks (low-speed targets) and ground-ground missiles (high-speed targets).
EXPERIMENTAL RESULTS
Finally, we present the resulting data processing assessment using opportunity traffic, at different types of scenarios. Targets and scenarios presented are: a helicopter approaching, air traffic scenario (Figure 4 ), a car captured at night conditions, road traffic scenario ( Figure 5 ), a patrol boat of the "Guardia Civil" Spanish police ( Figure 6 ) and one zodiac boat (Figure 7 ), the latter two within a marine traffic scenario. In order to serve the purposes of extracting and identifying characteristics of targets, the integrated range-Doppler image, the integrated range profile, its length measurement, from the integrated range profiles, the slant-range, the instantaneous initial radial velocity, and the mean acceleration were computed for each target (Table 3) . Table 3 presents a summary of the measured parameters for each of the considered targets. The shown measurement of the radial length of each target has been computed from the non-coherent integrated range profiles, for the four targets. This is due to, in the four cases, the SNRs are high enough and, as previously indicated, the length measurement gives a result almost the same performing the measurement both on the I-Q and on the non-coherent integrated range profiles, under these conditions.
The values obtained for the length of the presented targets are consistent with reality, including the lengthening produced by the wake pattern because of the water around the patrol boat. To make this comparison the fact that the measured length is the radial length should be considered. In the four cases presented, the corrections to be performed are relatively small to get the real length of the targets. These corrections are due to the aspect angles (in other words, the angles formed between the LOS and the axis that defines the main dimension of the target, L). Similar comments may be made to the obtained results for the radial velocity and the acceleration.
All information collected, taking into account the operating environments of each of targets, would allow a classification of such targets within each of the categories belonging to each type of target, i.e., helicopters, cars, small boats, and dinghies (or inflatable dinghies, at a finer classification).
CONCLUSIONS
We have presented a simple target classification technique for HRRs, oriented to traffic surveillance applications at any scenario, which is computationally very efficient.
The technique is based on the estimation of different descriptors from a range-Doppler image sequence: length, range, velocity, acceleration, integrated rangeDoppler image, and integrated range profile, the two latter computed in both coherent and non-coherent integration. In turn, these descriptors can be the basis for the development of new techniques for target classification.
The technique has been applied in scenarios, with opportunity traffic (and therefore with the HRR sensor system located in an non-optimal position) in which, with real data, the potential of the technique was confirmed, especially in air and sea traffic surveillance scenarios, in which its behaviour is much more favourable.
The presented technique is straightforward and applicable to noncoherent scanning HRR, where the only difference that the input set of images to process is a set of scanning images range-azimuth, instead of the set of frames range-Doppler (as the presented case). Currently we are doing some experiments with data from the ARIES radar [45] , a surface surveillance HRR, in X-band, developed by Indra Sistemas, S. A. together with our research group.
